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SUMMARY

 

In a previous publication, we showed that a clinical trial of DL-

 

�

 

-difluoro-
methyl ornithine (DFMO), in combination with PCV (procarbazine, CCNU, vincristine) in-
creased survival of patients with anaplastic gliomas (WHO III) but not glioblastoma multi-
forme (WHO IV). We believe that treatment outcome (survival) is inversely related to tumor
ornithine decarboxylase (ODC) levels. To prove this, we needed to develop an assay to
quantify ODC levels in formalin-fixed tumor tissues, which would enable a retrospective
study of tumor biopsy specimens from the landmark clinical trial. We developed an assay
using a specific polyclonal antibody coupled to an Alexa fluorescent dye. Transgenic MHC-
ODC mice with differing levels of ODC in heart muscle were used to establish the relation-
ship between mean gray-scale intensity and enzymatic ODC activity. We found a direct re-
lationship between mean gray-scale intensity of the ODC antibody coupled to Alexa 647
dye and enzymatic activity. Preliminary analysis of a human glioma tissue array shows that
tumor-specific variations in levels of ODC can be semiquantitated. We show that mean
gray-scale intensity of astrocytoma:glioblastoma is 1:6 and of anaplastic astrocytoma:glio-
blastoma is 1:4. We also compared the intensity of antibody to Ki67 coupled with phyco-
erythrin simultaneously in cells but failed to see a relationship that crossed histologies. We
conclude that we can measure levels of ODC in formalin-fixed tumor tissue using an anti-
body to ODC coupled to Alexa 647 dye, and this will enable us to conduct a future study to
correlate survival of patients with gliomas of different histologies treated with DFMO to
tumor ODC levels.

 

(J Histochem Cytochem 52:1467–1474, 2004)

 

O

 

rnithine decarboxylase

 

 (EC 4.1.1.17; 

 

l

 

-ornithine
decarboxylase, ODC) converts ornithine to putrescine
in an energy-requiring reaction (Bachrach 1975). This
fundamental first step in the elaboration of polyamines
in eukaryotic cells is followed by modification of the
polycationic carbon-nitrogen scaffold to spermidine
and then to spermine. ODC activity appears to be di-
rectly coupled to the expression of ODC protein (Pegg
et al. 1994) and increases with eukaryotic cell division
in neoplasia and fetal development. In addition, it has
been demonstrated that ODC activity increases with
increasing malignancy grade for medulloblastoma (Scal-

abrino et al. 1982, Scalabrino and Ferioli 1985), glio-
mas (Ernestus et al. 1992,1996,2001), and adenocar-
cinomas of the breast (Glikman et al. 1987; Thomas et
al. 1991; Manni et al. 1995a,b,1996; Mimori et al. 1998;
Canizares et al. 1999), lung (Mohan et al. 1999), and
colon (LaMuraglia et al. 1986; Berdinskikh et al. 1991).
ODC activity also correlates with malignancy and
prognosis in meningiomas (Ernestus et al. 1992; Klek-
ner et al. 2001).

In the mid-1970s, 

 

dl

 

-

 

�

 

-difluoromethyl ornithine
(DFMO, eflornithine), an irreversible inhibitor of ODC,
was synthesized and was found to inhibit the prolifer-
ation of cultured cells (Mamont et al. 1978). Over the
years, DFMO has been studied both as a single agent
and in combination with other chemotherapeutic agents
against a large spectrum of animal and human can-
cers. Activity has been shown in clinical trials against
malignant gliomas (Levin et al. 1987,1992,2000,2003),
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breast carcinoma (O’Shaughnessy et al. 1999), lung
cancer, and as a prevention strategy for prostate and
bladder cancers (Kadmon 1992; Carbone et al. 1998;
Montironi et al. 1999; Walczak et al. 2001; Kamat
and Lamm 2002).

As a result of our experience with DFMO in the
treatment of malignant gliomas, we believe that the
observed efficacy of DFMO is related in part to tumor
ODC levels, because patients having tumors with rela-
tively low levels of ODC appear to respond best to
DFMO and DFMO-nitrosourea combinations. This
conclusion is based on published observations show-
ing that: (a) ODC levels are directly correlated with
malignancy grade of glioma (Scalabrino et al. 1982;
Scalabrino and Ferioli 1985; Ernestus et al. 1992,1996,
2001); (b) DFMO activity was not seen in patients
with glioblastoma multiforme (GBM) or medulloblas-
toma but was observed in patients with mid-grade
anaplastic gliomas (AGs), who historically have lower
ODC levels (Levin et al. 1987,1992); and (c) for DFMO
in combination with [1,3-

 

bis

 

(2-chloroethyl)-1-nitro-
sourea], activity was infrequently observed in GBM
patients at recurrence and was most obvious in pa-
tients with mid-grade AG (Prados et al. 1989; Levin et
al. 2000). Because ODC levels have been found to be
directly related to malignancy grade for neuroectoder-
mal tumors and adenocarcinomas of the breast, lung,
and colon (Scalabrino et al. 1982; Scalabrino and Fer-
ioli 1985; Glikman et al. 1987; Thomas et al. 1991;
Manni et al. 1995a,b,1996; Mimori et al. 1998, Cani-
zares et al. 1999), we also anticipate that DFMO with
a nitrosourea or nitrosourea combination will be more
active against tumors that exhibit similar ODC rela-
tionships with malignant tumor grade, i.e., patients
with low ODC levels will respond better (a longer, more
durable response) than those with high ODC levels.
As a result, we believe that it would be beneficial to
future patients if this putative relationship between re-
sponse to DFMO and tumor ODC levels could be
demonstrated directly in prospective or retrospective
studies rather than by inference, as is the case here. In
anticipation of that potential, we developed a quanti-
tative ODC assay that can be used with formalin-fixed
tumor biopsies.

 

Materials and Methods

 

ODC Antibody

 

To investigate ODC binding to normal brain cells and tu-
mors, we used a previously developed polyclonal antibody
to ODC (Ab-ODC) (Shantz and Pegg 1998). Although this
antibody has not been studied previously with human ODC,
one of us (LMS, personal communication, 2004) performed
a sequence alignment of the mouse and human ODC pro-
teins and found that they had a 94% homology and were
92% identical. This similarity makes it very unlikely that

there would be a difference in cross-reactivity between the
antibody and the mouse and human proteins. Moreover, the
antibody is polyclonal and is not designed to react with a
single epitope, thus increasing the likelihood that it will react
equally well with human and mouse proteins.

The antibody was purified on an amino-link column
(Pierce Chemical; Rockford, IL) to which purified 6

 

�

 

 His-
ODC had been crosslinked. BSA and azide were removed,
and Ab-ODC was conjugated with Alexa 647 dye (Molecu-
lar Probes; Eugene, OR) according to the manufacturer’s di-
rections. After conjugation, binding was determined to be
11.9 mol dye/mole protein.

 

Generation of a Standard Curve Using Heart Muscle 
from Transgenic Mice

 

For these experiments, we used transgenic mice with car-
diac-specific overexpression of ODC driven by an 

 

�

 

-myosin
heavy-chain promoter (MHC-ODC mice) (Shantz et al. 2001).

 

�

 

-MHC promoter activity increases in ventricular muscle af-
ter birth until reaching amaximum expression at 

 

�

 

3 weeks
of age. Expression is maintained at a relatively constant level
throughout adult life. Adult MHC-ODC mice have 

 

�

 

1000-
fold overexpression of ODC in the heart compared with
control littermates (Shantz et al. 2001). Hearts were ob-
tained from mice between the ages of 2 days and 4 weeks.
After sacrifice of mice, one half of each heart was washed in
PBS and placed immediately in 10% neutral buffered forma-
lin overnight, and then embedded in paraffin the next day.
The other half of the heart sample was frozen at 

 

�

 

20C until
being assayed for ODC activity.

 

Biochemical Analyses

 

When hearts were assayed for ODC activity, the sample was
resuspended in ODC assay buffer (50 mM Tris-HCl, pH
7.5, 2.5 mM DTT, 0.1 mM EDTA, protease inhibitor cock-
tail) (Calbiochem; San Diego, CA), subjected to three 15-sec
pulses using a polytron on ice, and centrifuged for 30 min at
30,000 

 

�

 

 g and 4C. ODC was assayed at 37C by measuring
the release of 

 

14

 

CO

 

2

 

 from 

 

l

 

-[1-

 

14

 

C]-ornithine using saturat-
ing concentrations (800 

 

�

 

M) of ornithine as substrate and
40 

 

�

 

M pyridoxal 5-phosphate co-factor.

 

Immunohistochemical Staining Protocol 
for ODC and Ki67

 

Two tissue arrays were created in the Department of Pathol-
ogy at the University of Texas M.D. Anderson Cancer Cen-
ter. The first array was composed of 25 heart samples ex-
tracted from both non-transgenic and transgenic mice with
cardiac ODC overexpression that had been sacrificed be-
tween day 2 and week 4 after birth (five at 2 days, seven at 1
week, seven at 2 weeks, three at 4 weeks, and three non-trans-
genic controls). The second array consisted of 50 validated
human brain tumors, five normal brain tissues (negative
control), and six transgenic mouse hearts (positive control).
Both arrays were constructed with 0.6-mm diameter cores.
Serial array sections were cut at a nominal thickness of 4 

 

�

 

m
(Wang et al. 2002).

The technique for antibody staining was developed for
brightfield IHC and was modified for Ab-ODC-Alexa 647,
and the monoclonal antibody to Ki67 was conjugated with
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phycoerythrin (MAb Ki67-PE; BD-Pharmingen #556027, San
Diego, CA). Slide sections of heart and tumor were deparaf-
finized in xylene and dehydrated with decreasing concentra-
tions of ethanol. Slides were placed in 1

 

�

 

 Target Retrieval
Solution (DakoCytomation #S169984; Copenhagen, Den-
mark) and steamed for 30 min for antigen unmasking. After
cooling, samples were permeabilized with 0.2% Triton X-100
and then rinsed with pyrogen-free distilled water and Ca

 

2

 

�

 

-
and Mg

 

2

 

�

 

-free PBS. Samples were blocked with protein-
blocking solution, serum-free (DakoCytomation #X090930)
to quench nonspecific binding. Samples were then incubated
with 20-

 

�

 

l stock concentrations (0.8 

 

�

 

g/

 

�

 

l Ab-ODC and
0.006 

 

�

 

g/

 

�

 

l for MAb Ki67) of Ab-ODC-Alexa 647 and/or
MAb Ki67-PE in a humidity chamber at 4C for 48 hr. Slides
were rinsed three times in PBS and mounted with Vectashield
Mounting Medium (Vector Labs #H-1000; Burlingame, CA).

 

Fluorescent Microscopy

 

Images were acquired an Olympus BX-61 fluorescence mi-
croscope containing a mercury arc discharge for fluoromet-

ric excitation. The microscope has a trinocular observation
head coupled to a Hamamatsu ORCA digital charged-cou-
pled device camera system. The microscope, camera, and
data analysis are operational using a Dell Optiplex GX260
PC and ImagePro 4.5 software developed by Media Cyber-
netics (Carlsbad, CA). Our approach was to measure optical
density using 12-bit gray-scale images obtained at 

 

�

 

40 mag-
nified fields from either 100 msec for heart or 1000 msec tu-
mor exposure through the Cy5 window (Chroma Technol-
ogy; Rockingham, VT) for Ab-ODC-Alexa 647 and 1000
msec exposure through the TRITC window (Chroma Tech-
nology) for MAb Ki67-PE. Lag time between subsequent ex-
posures was 2–3 min.

 

Image Analysis

 

Twelve-bit gray-scale images were used for all measure-
ments. A pixilated bitmap analysis set to measure every fifti-
eth pixel was performed in triplicate on each of the 21 trans-
genic heart samples, yielding 

 

�

 

1700 pixilated intensity values/
heart sample. This approach was used when values from

Figure 1 Photomicrographs taken of formalin-fixed transgenic mouse hearts sacrificed at 2, 7, 14, and 28 days of life. The tissues are part
of the array stained with ODC-Ab-Alexa 647 for 48 hr. The 12-bit gray-scale images are pseudo-colored using a red-to-blue format to depict
fluorescent intensity levels after 100-msec excitation by a mercury vapor light source; red represents low and blue high optical intensity.
ODC activity in units of nmol/30min/�g protein for A � 3.66, B � 17.4, C � 22.2, and D � 28.0.
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triplicate fields within individual samples were compared to
the observed biochemical activity level of the sample itself.
For each of the 26 analyzed tumors, a manual tagging ap-
proach was applied in triplicate microscopic views by which
20–35 nuclei and cytoplasm per 

 

�

 

40 magnified field were
selected and measured (a total of 60–105 nuclei for each tu-
mor). Each tag point was set to measure the average intensity
of an area of three pixels (0.5 

 

�

 

m). Mean gray-scale inten-
sity values were transferred to Microsoft Excel and statisti-
cally evaluated using SPSS for Windows (version 11.5) and/
or Prism 4 software (GraphPad; San Diego, CA).

 

Results

 

Heart Muscle Overexpressing ODC

 

Using the 21 transgenic heart samples collected from
MHC-ODC mice, we measured ODC activity and com-
pared this value to mean gray-scale intensity of images
obtained from 100-msec exposure through the Cy5
window. Exposure for 100 msec was chosen because
the measurement of mean gray-scale intensity for
heart versus length of exposure from 10 msec to 2000
msec demonstrated that saturation (4095 intensity
units) occurred by 500 msec and that 100 msec was
on the linear portion of the intensity curve. Figure 1 is
a representative photomicrograph of four heart sam-
ples stained with Ab-ODC-Alexa 647 for 48 hr. The
gray-scale images were pseudo-colored using a red
(low) to blue (high) format to depict fluorescent inten-
sity levels.

Figure 2 shows the linear plot of the mean gray-
scale (

 

	

 

 SD) intensity for 22 transgenic hearts versus
the actual ODC activity (nmol/30 min/

 

�

 

g protein). A
linear least-squares analysis of the data was fitted to
the equation

Y 

 

�

 

 564.8 (

 

	

 

59.8) 

 

�

 

 22.4 (

 

	

 

3.2) 

 

�

 

 ODC activity,

with 

 

R

 

2

 

 

 

�

 

 0.71. Rearranging the equation, ODC activ-
ity (nmol/30 min/

 

�

 

g protein) 

 

�

 

 (Ab-ODC-Alexa 647
gray-scale intensity 

 

�

 

 564.8)/22.4. The biochemical
measure of ODC represents an average value of the heart
tissue sampled. Because the distribution of ODC is het-
erogeneous due to incomplete expression of 

 

�

 

-MHC
promoter activity in ventricular muscle after birth until
adulthood is reached, the large variance in gray-scale
intensity observed in individual hearts was expected.

Figure 2 Linear least-squares plot of transgenic heart activity
(nmol/30 min/�g protein) versus ODC-Ab-Alexa 647 intensity. The
plot represents 22 heart samples. The integrated and bit-mapped
intensity for each of three �40 magnified fields/heart sample (1700
total measurements/heart) were used to compute a mean 	 SEM.
Dashed line represents the 95% confidence interval for the regres-
sion line that was fitted to the equation Y � 564.8 (	59.8) � 22.4
(	3.2) � ODC activity, with R2 � 0.71.

Figure 3 Digitalized images (�40 magnification) of (A) normal brain after Ab-ODC, secondary Ab-peroxidase, and hematoxylin stain and
(B), GBM under similar conditions. Greater peroxidase positivity is seen in the nuclei of tumor cells than in normal cells, with occasional
staining of cytosol. Arrows point to occasional peroxidase-obvious cells in normal brain (A) and considerably more in the GBM samples (B).
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Tumor ODC Levels

 

Initially, we used Ab-ODC with a secondary Ab-per-
oxidase, and hematoxylin stain in normal brain and
GBM tumors to determine patterns of Ab-ODC distri-
bution. A greater level of peroxidase positivity was
seen in the nuclei of tumor cells than in normal cells,
with occasional staining of the cytosol (Figure 3). Cel-
lular (nucleolus, nucleus, cytosol) uptake was obvious
and higher in GBM (Figure 3B, photomicrograph)
compared with astrocytoma and with normal brain
(Figure 3A, photomicrograph), in which it was the
lowest. On the basis of these observations, we con-
cluded that the technique and the antibody selected
for identification of cellular ODC were satisfactory.

These data are consistent with published studies us-
ing polyclonal antibodies to investigate the cellular
distribution of ODC (Pomidor et al. 1995; Kagoura et
al. 2000; Rohn et al. 2001; Shantz et al. 2001) and
protein levels (Pomidor et al. 1995; Wright et al. 1995).

It has been shown that ODC distributes in the cytosol
but can translocate to the cell membrane (Heiskala et
al. 1999; Rohn et al. 2001). In addition, distribution
within the nucleus has been observed in the brain (Kil-
pelainen et al. 2000), as has distribution in non-divid-
ing neurons (Kilpelainen et al. 2000).

On the basis of our results from peroxidase color
granules, we concluded that it would be more precise
to quantitate ODC protein in formalin-fixed tissue if
we used a fluorochrome-coupled antibody assay. We
also concluded that focusing on nuclear Ab-ODC-Alexa
647 fluorescence would probably yield more accurate
results than would focusing on cytosol fluorescence.

Figure 4 is a photomicrograph taken from forma-
lin-fixed human gliomas on the tissue microarray. The
tissues were stained with Ab-ODC-Alexa 647 for 48
hr, and the images were obtained after 1000-msec ex-
citation by a mercury vapor light source. Exposure for
1000 msec was chosen because the measurement of

Figure 4 Photomicrographs of formalin-fixed graded human gliomas. The tissues are part of the array stained with ODC-Ab-Alexa 647 for
48 hr. The 12-bit grayscale images are pseudo-colored using a red-to-blue format to depict fluorescent intensity levels after 1000 msec exci-
tation by a mercury vapor light source; red represents low and blue high optical intensity.
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mean gray-scale intensity for tumor tissues versus
length of exposure from 500 msec to 4500 msec dem-
onstrated that saturation (4095 intensity units) oc-
curred by 3000 msec and that 1000 msec was on the
linear portion of the intensity curve. Background mea-
surements for each histology were made using an ar-
ray section without antibody. Values ranging between
400 and 500 were measured and subtracted from all
gray-scale images, and images were then pseudo-col-
ored using a red (low) to blue (high) format to depict
fluorescence intensity levels. Of interest is the observa-
tion that within the astrocytic series of gliomas, from
low-grade astrocytoma (LGA) to anaplastic astrocy-
toma (AA) to GBM, there is an obvious and graded in-
crease in fluorescence intensity. The anaplastic oligo-
dendroglioma (AO) tumor is higher in fluorescence
intensity than the AA, and this is felt to be consistent
with the higher mitotic rate seen in AO compared with
AA (Onda et al. 1994; Wacker et al.1994; Kleihues et
al. 2002). This may also be true for the very slight in-
crease in ODC for oligodendroglioma (OLIG) com-
pared with AA, or it might reflect that there were too
few tumors for accurate statistical analysis.

Figure 5 shows a scatterplot of mean gray-scale in-
tensity with error bars of 

 

	

 

1 SD. Only 26 of the tu-
mors were analyzed, because they were the only sam-
ples with documented patient follow-up. When the
pseudo-colored images in Figure 4 were evaluated,
there appeared to be a clear distinction between LGA
and AA compared with GBM and AO. Based on rela-
tive intensity units, the difference between LGA and
GBM is on the order of 1:3.6 and compares favorably
to ODC activity data, for which the ratio is 1:3.4 (Ta-
ble 1). For the AA-to-GBM comparison, the activity
ratio is 1:1.9, whereas it is 1:4.5 for the intensity data.
Because the AO-to-GBM intensity ratio is 1:1.7 (no
comparable ODC activity for AO is available), it is

conceivable that the Ernestus AA dataset (Ernestus et
al. 2001) includes patients with AO, accounting for its
low ODC activity ratio.

 

Tumor Ki67 Levels

 

The same tumor array was studied with an Ab-Ki67-PE,
using the same tagging technique as for Ab-ODC-Alexa
647 except that the TRITC cube was used. Because
the antibody that recognizes the Ki67 protein increases
during cell division but is present during other times in
the cell cycle, we felt that comparing levels of Ab-Ki67-
PE with levels of Ab-ODC-Alexa 647 might show a
correlation. To measure mean gray-scale values for a
3 

 

�

 

 3 pixel area in the nucleus, we found that we had
to use undiluted antibody.

Figure 6 represents a plot of paired Ab-ODC-Alexa
647 and Ab-Ki67-PE intensity values for 12 tumors.
The numbers are relative values, but because they
were from one array on one slide, value correlation
can be legitimately made. What is striking is the clus-
tering of values within a given histology and the lack
of a defined relationship between the ODC and Ki67
antibody binding across tumor histologies. Using the
Pearson correlation analysis, we found that for the 12
tumors, the two antibodies were correlated with a

 

p

 




 

0.001 (two-tailed) in nine cases, 

 

p

 




 

0.03 in two
cases and 

 

p

 

�

 

0.21 in one case. We could not establish
a linear fit with a high 

 

R

 

2

 

.

 

Discussion

 

This study was initiated to develop a formalin-fixed
tissue-based assay for ODC to better delineate the ba-
sis for patient response to DFMO. In this report, we
show, using transgenic MHC-ODC mice with differ-
ing heart ODC levels, that Ab-ODC-Alexa 647 mean
gray-scale fluorescent intensity increases in a linear fash-
ion in heart muscle proportional to ODC enzymatic
activity. To an extent, this result was expected because
ODC enzymatic activity closely correlates with ODC
protein expression (Pegg et al. 1994). Using similar con-
ditions, we then studied a training set of human glioma
tumors prepared by the Department of Pathology at
the University of Texas M.D. Anderson Cancer Center.
We found that ODC mean gray-scale fluorescent inten-
sity decreased from a high for GBM to a low for LGA
in the following manner: GBM

 

�

 

AO

 

�

 

OLIG

 

�

 

AA

 

�

 

LGA.
Ernestus and colleagues (2001) correlated enzymatic
activity of ODC with glioma grade and found that activ-
ity was highest in GBM

 

�

 

AA

 

�

 

LGA

 

�

 

peritumor “nor-
mal” brain tissue. Both datasets are collated in Table
1. It can be appreciated that Ab-ODC-Alexa 647 is
more robust and has a smaller coefficient of variation
(range 4–44%) compared with the ODC activity data
of Ernestus and colleagues (67% to 129%).

Figure 5 ODC-Ab-Alexa 647 intensity for glioblastoma (GBM),
anaplastic astrocytoma (AA), anaplastic oligodendroglioma (AO),
oligodendroglioma (OLIG), and astocytoma (LGA). Each point rep-
resents the mean 	 SD.
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Of additional interest is that although Ab-ODC-Alexa
647 intensity correlates reasonably well with Ab-Ki67-
PE intensity within a given tumor histology in the ar-
ray, there does not appear to be a strong relationship
between the two antibodies across histologies (Figure
6). Clearly, further research will be needed to clarify
the lack of a consistent relationship between the nu-
clear labeling (intensity) with Ab-Ki67 and the nuclear
labeling (intensity) with Ab-ODC.

In summary, we believe that the fluorescent inten-
sity assay of Ab-ODC-Alexa 647 can be applied to for-
malin-fixed tumor with reproducible results. On the
basis of results from this current study, we are plan-
ning to use this assay to measure ODC in tissues from
patients previously treated with DFMO in our ran-
domized study of DFMO-PCV (Levin et al. 2003), to
determine if progression-free survival will be inversely
correlated with ODC level. In that study, we will ana-

lyze astrocyte lineage and oligodendroglial lineage tu-
mors separately.
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