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Abstract

NKX3.1 is a homeobox gene located at chromosome 8p21.2,
and one copy is frequently deleted in prostate carcinoma.
Prior studies of NKX3.1 mRNA and protein in human prostate
cancer and prostatic intraepithelial neoplasia (PIN) have been
conflicting, and expression in focal prostate atrophy lesions
has not been investigated. Inmunohistochemical staining for
NKX3.1 on human tissue microarrays was decreased in most
focal atrophy and PIN lesions. In carcinoma, staining was
inversely correlated with Gleason grade. Fluorescence in situ
hybridization showed that no cases of atrophy had loss or gain
of 8p, 8 centromere, or 8q24 (C-MYC) and only 12% of high-
grade PIN lesions harbored loss of 8p. By contrast, NKX3.1
staining in carcinoma was correlated with 8p loss and allelic
loss was inversely related to Gleason pattern. Quantitative
reverse transcription-PCR for NKX3.I mRNA using micro-
dissected atrophy revealed a concordance with protein in five
of seven cases. In carcinoma, mRNA levels were decreased
in 6 of 12 cases but mRNA levels correlated with protein
levels in only 4 of 12 cases, indicating translational or post-
translational control. In summary, NKX3.1 protein is reduced
in focal atrophy and PIN but is not related to 8p allelic loss in
these lesions. Therefore, whereas genetic disruption of NKX3.1
in mice leads to PIN, nongenetic mechanisms reduce NKX3.1
protein levels early in human prostate carcinogenesis, which
may facilitate both proliferation and DNA damage in atrophic
and PIN cells. Monoallelic deletions on chromosome 8p are
associated with more advanced invasive and aggressive
disease. (Cancer Res 2006; 66(22): 10683-90)

Introduction

Prostatic adenocarcinoma is one of the most common malig-
nancies, representing the second leading cause of cancer death in
American men (1). NKX3.1 is located on chromosome 8p21.2 within
a region that shows loss of heterozygosity (LOH) in prostate cancer
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in approximately 50% to 85% of cases (2, 3). Given that mutations
in the remaining allele of NKX3.1 have not been detected (4, 5),
NKX3.1 may function as a haploinsufficient tumor suppressor gene.
That loss of one allele of NKX3.1 occurs early in prostate carcino-
genesis is evidenced by the finding that LOH on chromosome 8p
has been reported to occur in high-grade prostatic intraepithelial
neoplasia (PIN), a lesion that is a putative precursor to many
invasive prostatic carcinomas (6), at a frequency between 20% and
80% (7-9).

Targeted disruption of Nkx3.I in mice results in abnormal
prostate ductal morphogenesis and protein secretion (10-12).
Although Nkx3.1 homozygous mutant mice do not develop invasive
carcinoma, epithelial hyperplasia and PIN lesions arise with age.
Compound mutant mouse studies indicate that coopera-
tivity exists between Nkx3.I and the tumor suppressors Pten and
Cdknlb (encoding p27; refs. 13-17). These compound mutants
develop PIN lesions that progress to invasive carcinomas and at
times to metastatic disease. Because the effects are seen in NKX3.1
heterozygotes, haploinsufficiency of Nkx3.1 also seems to play a
role in tumor progression.

Several studies have analyzed NKX3.1 protein expression by
immunohistochemistry in human prostate cancer specimens. In a
study of PIN and carcinoma, loss of NKX3.1 protein staining was
reported in ~20% of PIN lesions and ~40% of carcinomas, and
loss of expression correlated with high Gleason score, advanced
tumor stage, the presence of metastatic disease, and hormone-
refractory disease (18). However, a more recent study reported that
NKX3.1 protein was highly expressed in adenocarcinoma, irre-
spective of tumor grade (19). Asatiani et al. (20) revisited the
question of NKX3.1 protein expression in prostate cancer and
reported that complete loss of staining was very rare (~5% of
cases) but that the intensity of staining in carcinoma was reduced
compared with normal epithelium. The reduction of intensity
correlated with the combination of loss of one copy of NKX3.1 and
hypermethylation of cytosine residues in specific CpG dinucleo-
tides near the putative NKX3.I promoter region as well as with
Gleason grade. Thus, when examining the body of data as a whole,
there is still substantial controversy about NKX3.1 protein
expression in human prostate cancer.

In terms of NKX3.I mRNA expression levels in human prostate
tumors, there have also been conflicting results. Semiquantitative
reverse transcription-PCR (RT-PCR) analyses of benign and
malignant tissues revealed overexpression of NKX3.I mRNA in
31% of cancer specimens, decreased expression in 21%, and no
change in 48% (21). In the study by Xu et al. (21), overexpression of

www.aacrjournals.org

10683

Cancer Res 2006; 66: (22). November 15, 2006



Cancer Research

NKX3.1 mRNA correlated with metastatic disease. In contrast,
other groups have reported NKX3.I mRNA to be similarly
expressed in normal prostate and tumors of various grades
(5, 19), and this correlated with NKX3.1 protein (19, 20). Thus,
controversy remains about NKX3.I mRNA expression in human
prostate cancer.

Focal prostatic atrophy is a common finding in older men and
encompasses several morphologic variants (22). Some of these
lesions are proposed as potential precursors to prostate cancer
based on their frequent occurrence in proximity to carcinoma
(23-26) and molecular alterations (see below). Focal prostate
atrophy commonly merges directly with low- and high-grade PIN
(24, 25, 27), suggesting that some PIN lesions arise directly from
atrophy. More rarely, focal atrophy seems to merge directly with
small carcinoma lesions (23, 27-29). Two common types of focal
prostatic atrophy, simple atrophy and postatrophic hyperplasia
(PAH), are often highly proliferative and associated with inflam-
mation (24, 30) and are referred to as proliferative inflammatory
atrophy (PIA).°

We have proposed a multistep progression model that leads
from normal epithelium to focal prostatic atrophy to PIN and then
to carcinoma (24, 31). In this model, ongoing injury to the prostate
epithelium, as a result of inflammation and/or dietary exposures,
results in cell damage and cell death. Cell regeneration ensues and
this is manifest morphologically as PA. These atrophic cells are
presumed to be responding to increased oxidative and/or nitro-
sative stress (32-34) and are apparently undergoing tissue repair/
renewal (35, 36). Many of the atrophic cells possess a phenotype
intermediate between basal cells and mature luminal cells (33, 36).
These cells may then undergo somatic genome alterations,
including methylation of the GSTPI promoter and telomere
shortening, leading to neoplastic transformation. There have been
no reports, however, in which NKX3.1 protein expression in focal
prostate atrophy has been examined. NKX3.I mRNA expression in
prostatic atrophy has only been briefly described as being
decreased relative to normal (5).

The primary objective of this study was to determine the
potential relevance of molecular alterations of NKX3.1 in relation
to our progression model of human prostate carcinogenesis. We
now report the results of the following: (@) a quantitative analysis
of the expression of NKX3.1 protein using a novel anti-NKX3.1
polyclonal antibody on tissue microarrays (TMA) containing
matched samples of normal, focal prostate atrophy, PIN, and
clinically localized adenocarcinoma of various Gleason grades; (b)
a study to correlate NKX3.1 protein levels with chromosomal
alterations on chromosome 8 using fluorescence in situ hybridiza-
tion (FISH) on the same TMA specimens; and (c) a study to
determine if NKX3.1 protein levels correlate with mRNA levels
using laser capture microdissection of frozen tissue specimens for
quantitative RT-PCR.

Materials and Methods

Generation of anti-NKX3.1 rabbit polyclonal antibodies. To derive
polyclonal anti-NKX3.1 antibodies, a His-tagged polypeptide containing the
NH,-terminal 153 amino acids of human NKX3.1 was expressed in

® For similar lesions without inflammation, the term proliferative atrophy (PA)
may be used. In this article, most of the lesions examined represent simple atrophy
and PAH. Therefore, we use the terms focal prostate atrophy and PIA/PA
interchangeably.

Escherichia coli and purified over a nickel affinity resin followed by anion
exchange chromatography. Fractions with >95% pure His-tagged NH,-
terminal NKX3.1 were used to immunize rabbits. Inmunoglobulins from
production bleeds were purified using a protein A column.

Tissues and TMA construction. This study was approved by our
institutional internal review board. Tissue specimens were obtained from
radical retropubic prostatectomies done at the Johns Hopkins Hospital
(Baltimore, MD). Patient ages ranged from 44 to 74 years. Final Gleason
sums varied from 5 to 9, with pathologic stages of the tumors ranging from
T2NOMx to T3BN1Mx (Supplementary Table S1).

For NKX3.1 immunostaining, we used five high-density TMAs. Two of
these were designed to compare matched normal and atrophy, and the
other three were designed to compare matched normal and carcinoma.
One of the atrophy arrays consisted of matched normal (r = 4 cores each
from 20 patients) and atrophy (n = 4 cores each from 3 separate atrophy
lesions per patient for a total of 58 different atrophy lesions from the
20 patients). For the second atrophy array, there were four cores of normal
and four cores of atrophy each from 39 patients. The classification of
prostate atrophy lesions was according to De Marzo et al. (22). Several TMA
cores incidentally contained PIN. For the matched cancer and normal
TMAs, the arrays were constructed with matched samples from 40 patients
per array as described previously (34, 37). Images of each TMA core were
captured by scanning of the TMA slides using the Automated Cellular
Imaging System II (ACIS II) from Clarient, Inc. (Aliso Viejo, CA) and were
imported into the TMAJ Images application” as described (37). Histologic
diagnoses were applied to all images used for the analyses, and these
diagnoses are listed in Supplementary Table S2.

Immunohistochemistry. Immunohistochemistry was done with the
EnVision+ kit (DakoCytomation, Carpinteria, CA). Slides were steamed for
20 minutes in 10 mmol/L citrate buffer (pH 6.0) for antigen retrieval. Slides
were incubated with primary antibodies (1:5,000 dilution) overnight at 4°C.
For keratin 8 (CK8) staining, slides were prepared as described above and
stained with CK8 antibody (1:800 dilution; InnoGenex, San Ramon, CA) at
room temperature for 45 minutes.

Evaluation of immunohistochemical staining. The average intensity
and area of staining were analyzed on TMA slides using the ACIS II (37).
Tissue cores containing more than one type of tissue (i.e., atrophy and
carcinoma) were not used for data analysis. The area of nuclear staining for
NKX3.1, which is epithelial specific, was normalized to the area of keratin
8 staining of the cytoplasm as described (37). Statistical analyses were done
using Stata 8.0 software (Stata, College Station, TX).

For each TMA core, a mean intensity of staining and an area of staining
were assigned by the ACIS. In most cases, there were multiple cores from
the same patient showing the same diagnosis, and image analysis values
were averaged for statistical analysis.

Fluorescence in situ hybridization. The FISH technique was modified
from that described previously (38). FISH hybridization was done with the
multicolor probes (ProVysion, Vysis, Inc., Downers Grove, IL) to detect
and quantify chromosome 8 centromere probe [chromosome enumeration
probe 8 (CEP8)] and with two locus-specific probes, the lipoprotein lipase
(LPL; 8p21.3) and the c-MYC 8q24 probe. Three of the same TMAs used
for NKX3.1 staining were used for FISH, and three additional TMAs were
also used for FISH from which FISH data from additional PIN lesions
were obtained. Up to 30 nonoverlapping interphase nuclei from each core/
region of benign normal-appearing epithelium, atrophy, PIN, and carcinoma
were counted for each probe. For each TMA core that was counted by FISH,
there was an internet-based image of a H&E-stained adjacent TMA section
that was annotated with the pathologist’s diagnosis. Normal value studies
using prostate tissue have been previously reported (38). An inspection of
the copy number of each FISH signal in a nucleus was recorded, and the
ratios and distributions of each probe (LPL, ¢-MYC, and CEP8) of a given
core were categorized as normal, gain, abnormal increase, or loss. The
threshold values for these categories were chosen to minimize the detection
of false-positive changes. The normal category required <30% of epithelial

7 See http://tmaj.pathology.jhmi.edu.
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nuclei with three or more signals and <60% of epithelial nuclei with zero
or one signal for an applied probe. The gain category required >30% of
epithelial nuclei with three or more signals for an applied probe. The
category of abnormal increase of c-MYC (8p24) required >30% of epithelial
nuclei with three or more signals for c-MYC (8p24) and an overall 8p24/
CEP8 ratio of >1.30. The category of loss of CEP8 required >60% of
epithelial nuclei with zero or one signal for CEP8. The category of loss of
8p required >60% of epithelial nuclei with zero or one signal for LPL and
the overall LPL/CEP8 ratio of <0.80.

Laser capture microdissection. For each case, two serial 7-um frozen
sections were fixed in 70% ethanol for 1 minute followed by a rinse in
diethyl pyrocarbonate-treated water for 30 seconds. Slides were lightly
stained with hematoxylin for 45 seconds and dehydrated. Regions of normal
epithelium, atrophy, and tumor were microdissected using the AutoPix
Automated Laser Capture Microdissection System (Arcturus Engineering,
Inc., Mountain View, CA). Immunohistochemistry was also done to compare
NKX3.1 staining in regions microdissected for quantitative RT-PCR.

Quantitative RT-PCR. Total RNA was isolated from laser capture
microdissected cells with the Absolutely RNA Microprep RNA Isolation kit
(Stratagene, La Jolla, CA) following the manufacturer’s protocol. On-column
DNase I digestion was done during the RNA extraction. RNA was ethanol
precipitated and used to generate cDNA with the iScript cDNA Synthesis kit
(Bio-Rad, Richmond, CA). Quantitative PCR was done using SYBR Green I
and the iCycler (Bio-Rad) with intron-spanning primers for NKX3.1
(5-GAATCCGTATGCCCCGCTG-AATCT-3" and 5-ACCCTTGCCAGTGCGT-
GTGC-3') and for TATA-binding protein (TBP; 5-CACGAACCACGGCACT-
GATT-3" and 5-TTTTCTTGCTGCCAGTCTGGAC-3'). For quantification of
NKX3.1 mRNA levels, we normalized to 7BP mRNA, which was used as an
endogenous control. The relative amount of NKX3.I mRNA in each expe-
rimental sample was determined using the AAC, method (39). Two inde-
pendent triplicate quantitative PCR experiments were done for each case.

Results

Visual/qualitative assessment of NKX3.1 immunostaining.
The specificity of the newly generated polyclonal antibody is shown
as supplementary data (Supplementary Fig. S1). In normal
epithelium, NKX3.1 staining was intense in the nuclei of most
secretory luminal cells (Fig. 14 and B), with very faint or negative
cytoplasmic staining. The pattern of nuclear staining, as seen at
high power, was granular, with both fine granules and more
clumped granules seen. Luminal cells throughout a given prostate
acinus did show some variability in the intensity of nuclear
staining. Although many acini showed negative staining in basal
cells, many acini contained weak staining in the nuclei of basal
cells (Figs. 1B and 3A4). There was no staining in nonepithelial
tissues in the prostate.

Compared with normal epithelium, most atrophy lesions
contained reduced NKX3.1 protein (Fig. 1C and D). Both the
intensity of staining and the percentage of cells staining were
decreased albeit to a variable extent. Often, the entire lesion was
reduced, but in other cases only part of the lesion, or even
individual acini, showed reduced staining. At times, some cells in
atrophy showed strong staining that was similar to normal
epithelium (Fig. 1D, arrowhead). The granular pattern of nuclear
staining in atrophy was similar to that seen in normal-appearing
epithelium as was the general lack of cytoplasmic staining.

NKX3.1 immunostaining was seen in all cases of PIN, but the
intensity in most cells was usually less than in the normal-
appearing luminal cells (Fig. 2B), and there were a variable number
of cells in the luminal compartment with very faint nuclear
staining. Cytoplasmic staining in PIN was generally similar to that
in normal epithelium, although at times it was somewhat more
prominent in PIN than in normal.
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Figure 1. Immunohistochemical staining for NKX3.1 in normal and atrophy.

A, low-power view of normal-appearing epithelium. Magnification, x100. Note
strong staining in luminal cells and negative staining in stroma. B, high-power
view of region in part (A) showing weak staining in some basal cells (arrows) and
negative staining in stromal cells (arrowheads). Magnification, x600. C, reduced
staining seen in a simple atrophy lesion from the same patient as that in (A).
Magnification, X100. D, high-power view of another simple atrophy lesion
showing reduced but variable staining. Arrow, negatively staining basal cells.
Note many luminal cells are weak or negative. Arrowhead, strongly staining
luminal cell. Magnification, x600.

Most carcinomas showed reduced, albeit variable, staining for
NKX3.1 (Fig. 3B and F). Many carcinomas showed very mild
reductions in intensity of staining, with occasional increases in the
number of entirely negatively staining cells. Others showed a more
marked reduction in intensity in many of the cells, with more cells
staining completely negatively (Fig. 3F). In rare cases, mitotic
figures were seen, and these cells were clearly negative for NKX3.1
staining (data not shown). Cytoplasmic staining in cancer was
generally similar to that seen in normal epithelium, although like
PIN there were several cases with slightly stronger cytoplasmic
staining than that seen in normal-appearing epithelium.

Quantitative image analysis of NKX3.1 staining. Automated
image analysis® showed that, compared with normal epithelium,
the intensity of staining in atrophy lesions was reduced
significantly (Fig. 44). The area of nuclear staining in atrophy
compared with normal epithelium was even more reduced than the
intensity values (Fig. 4C; Table 1). There was no difference in
intensity or area of NKX3.1 staining when stratified by type of
atrophy (e.g., simple atrophy versus PAH versus simple atrophy
with cyst formation; data not shown).

The intensity of NKX3.1 staining in PIN lesions was also reduced
significantly in >75% of lesions when compared with normal-
appearing epithelium (Fig. 4B; Table 1). PIN lesions also showed a
reduction in area of staining, yet this reduction was not statistically
significant (Table 1B).

In carcinoma, the intensity of NKX3.1 staining was significantly
reduced compared with normal, and similar to PIN lesions, the
area of staining in carcinoma was reduced but this difference was
not significant (Table 1). In terms of tumor grade, we analyzed the

® Only nuclear staining was evaluated for image analysis.
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Figure 2. Immunohistochemical staining for NKX3.1 in normal and PIN.

A, high-power view of staining in normal-appearing epithelium. Magnification,
x600. B, high-power view of staining in high-grade PIN from the same patient as
in (A). Arrowhead, luminal cell; arrows, basal cells that are staining negatively.
Magnification, x600.

intensity and area of staining for NKX3.1 in the TMA spots in
relation to the Gleason score for the prostatectomy case. The
intensity for NKX3.1 staining was decreased in all Gleason scores
represented; however, the decrease was greater in higher-grade
tumors (Gleason scores 8-9; Table 1; Fig. 4B). In terms of area of

Carcunoma

Figure 3. Immunohistochemical staining for NKX3.1 in normal and carcinoma.
A, C, and E, normal-appearing epithelium. Magnifications, x400 (A), x200 (C),
and x200 (E). A, arrowheads, luminal cells; arrow, basal cell staining weakly.
B, D, and F, carcinoma lesions matched to those cases from (A), (C), and (E),
respectively, shown at the same magnification as the matched pair. B, Gleason
pattern 3, mild to moderate reduction in intensity with little reduction in area of
staining. Arrows, weakly staining tumor cells. D, Gleason pattern 3, very mild
reduction in intensity with no reduction in area of staining. F, Gleason pattern 5,
marked reduction in intensity and area of staining. Arrowheads, weakly staining
tumor cells; arrows, negatively staining tumor cells.

3 8
> o ®
= -
b o
c 3 k)
EN ®
£
£
T o o
1 <
n I 3
c
3 . -
& e &
g
z 3| S
-~ -~
Normal Atrophy PIN Carcinoma 5-6 7 8-9
Gleason Score
0 | .
QA 3
.
© o —
21 5
<
= .
3] ° %)
< 2 ©
%4
=z
N ’ B
-
c
[
O 104 [te)
[
o
oA o 1
Normal Atrophy PIN Carcinoma 5-6 7 8-9
Gleason Score

Figure 4. Automated image analysis of NKX3.1 staining in normal and lesional
tissues. Box plots, distribution of staining intensity (A and B) or areas (C and D)
of the average values of the different tissue types. B and D, X axis, Gleason
scores for the radical prostatectomy specimens. Boxes, 25th and 75th percentile
with the median (line inside the box). Whiskers, adjacent values; filled circles,
outliers.

staining in carcinoma, there was a significant reduction compared
with normal only in cases with higher-grade tumors (Gleason sum
8-9; Fig. 4D; Table 1). When the data were analyzed by Gleason
pattern of the individual tissue cores, similar results were
obtained—those spots with higher grade were generally found to
have less intense NKX3.1 staining and less area of staining (data
not shown). In multivariate regression analysis, including both
Gleason score and NKX3.1 area of staining, only Gleason score
remained significant at predicting pathologic stage (data not
shown).

Because NKX3.1 is a tumor suppressor with known inhibitory
effects on cell proliferation (13, 40), we determined whether cells in
atrophy that were proliferating, as assessed by Ki67 staining,
contained lower levels of NKX3.1. Double-label immunofluores-
cence was done on one TMA containing atrophy and matched
normal and one containing carcinoma and matched normal. By
immunofluorescence, there were clear gradations in staining for
both makers (Supplementary Fig. S2). In general, when a cell was
positive for any amount of Ki67, it tended to be negative or only
weakly positive, for NKX3.1, compared with other cells in the same
lesions (Supplementary Fig. S2). In cells with the most Ki67
staining, NKX3.1 was virtually always negative. This inverse relation
between Ki67 and NKX3.1 suggests that NKX3.1 protein is regulated
in a cell cycle-dependent manner.

NKX3.1 mRNA expression. To evaluate the levels of NKX3.1
mRNA, quantitative real-time PCR using RNA prepared from laser
microdissected frozen tissue sections was done. Eight atrophy
lesions and matched normal-appearing tissues were evaluated.
Adjacent sections were also immunostained with the anti-NKX3.1
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antibody (in seven of the cases). Three of eight of the atrophy cases
microdissected showed a decrease in relative NKX3.1 mRNA
abundance (cases A, G, and J; Table 2). In the two of these three
cases (cases A and G), immunohistochemical analysis revealed that
the protein levels were also reduced. Five cases of atrophy
displayed no change or increased NKX3.I mRNA levels compared
with matched normal specimens (cases C, D, E, F, and H), yet two
had reduced protein levels (40%; cases E and F). There were no
cases of atrophy where the mRNA was decreased but the protein
staining was intact. Overall, therefore, mRNA and protein levels in
focal prostate atrophy lesions were concordant in five of seven
cases that were evaluated (Table 2). The two cases that were not
concordant showed that, despite normal mRNA levels, protein
staining was decreased.

In carcinoma, the NKX3.I mRNA was reduced in 6 of 12 cases,
was normal in 5 cases, and was increased in 1 case (Table 2). Of the
six cases with reduced mRNA that were stained by immunohisto-
chemistry, two (33%; cases D and F) showed reduced protein
staining. Of the six cases with normal or elevated mRNA levels,
however, four of these also showed reduced protein staining
(66%; cases I, K, L, and N). There were three cases of carcinoma in
which the mRNA levels were reduced, yet the protein staining
seemed intact. Overall, therefore, only four of nine cases of
carcinoma that could be evaluated were concordant between
mRNA and protein.

Relation of NKX3.1 protein and chromosome 8p deletion.
Three of the same TMAs used above were subjected to FISH.
Two of the TMAs consisted of matched atrophy and normal-

appearing epithelium and the other was from matched normal
and adenocarcinoma. A total of 466 TMA spots from 33 patients
were analyzed, including 359 cores of normal and 245 cores of
atrophy. Although one atrophy and one normal TMA core were
close to the cutoff for deletion of 8p, none of the normal or
atrophic regions were found to meet our strict criteria for loss
or gain of 8p, 8 centromere, or C-MYC. As in previous studies,
(26, 41), we also compared the fraction of cells with three or
more chromosome 8 centromere signals in atrophy and matched
normal in one of the TMAs. Although there was a significant
increase in the fraction of cells in atrophy that harbored three or
more signals for chromosome 8 centromere compared with
normal (2.4% for atrophy versus 1.2%; P = 0.024, Wilcoxon rank
sum), no TMA cores containing prostate atrophy were consid-
ered to have gained chromosome 8 centromere in a clonal
fashion.

In carcinoma, deletion of 8p sequences occurred in 52% of TMA
cores and much more frequently in those that were poorly
differentiated (74% for Gleason patterns 4-5) compared with those
cores that were more well differentiated (33% for Gleason pattern 3;
Supplementary Table S4). This increase in the fraction of high-
grade lesions with 8p deletion is consistent with other previous
studies (42-44). In addition, both reduced intensity and reduced
area of NKX3.1 staining correlated with LOH (Fig. 5; P < 0.001 for
area and intensity, Kruskal-Wallis).

On these three TMAs, there were six high-grade and two low-
grade PIN lesions. Of these, there was one deletion of one allele
on 8p in a high-grade lesion (one of six, 17%) and no gains or losses

Table 1.

A. Statistical analysis of NKX3.1 staining intensity and area by image analysis using paired samples

Normal Atrophy PIN Carcinoma
Intensity
Normal — <0.0001 (n = 71) 0.0064 (n = 15) <0.0001 (n = 111)
Atrophy 0.4496 (n = 11) 0.0198 (1 = 56)
PIN 09 (n = 14)
Carcinoma —
Area
Normal — <0.0001 0.3635 0.1
Atrophy 0.0409 <0.0001
PIN 0.1981
Carcinoma —
B. Statistical analysis of NKX3.1 staining by image analysis in relation to Gleason score
Gleason score 5-6 7 8-9

NKX3.1 mean intensity

Normal <0.0001 (n = 53)
NKX3.1 mean area
Normal 0.9823

0.0002 (n = 33) <0.0001 (n = 24)

0.9644 0.0043

NOTE: First numbers are Ps. n represents the number of matched pairs of samples for the indicated comparisons. The n values for area are the same as
for intensity. For intensity, atrophy, PIN, and carcinoma are less than normal, and atrophy is greater than carcinoma. For area, atrophy is less than
normal, PIN, and carcinoma. All Ps were obtained from the Wilcoxon matched pairs signed-rank test. Comparisons are from the means of all cores from
a given case with a given diagnosis. Gleason scores are from the radical prostatectomy specimen.
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Table 2. Relative mRNA expression of NKX3.1 in prostate tissues

Case letter Tissue RNA RNA down Protein down Grade Stage Concordant
A Atrophy 0.5 + + 7 T3ANOMX +

C Atrophy 5 - - 7 T3ANOMX +¥

D Atrophy 0.9 - - 7 T3BNOMX +

E Atrophy 1.2 - + 6 T2NOMX —

F Atrophy 15 - + 8 T3ANIMX —

G Atrophy 0.3 + + 6 T2NOMX

H Atrophy 1 - - 9 T3ANOMX +

] Atrophy 0.3 + ND 7 T2XNOMX ND

A Tumor 0.3 + - 7 T3ANOMX

B Tumor 0.65 + - 6 T2NOMX -

C Tumor 0.5 + ND 7 T3ANOMX ND

D Tumor 0.3 + + 7 T3BNOMX +

E Tumor 11 - — 6 T2NOMX +

F Tumor 0.5 + + 8 T3ANIMX +

H Tumor 0.3 + — 9 T3ANOMX —

I Tumor 2.8 - + 9 T3ANOMX -

K Tumor 0.9 — + 9 T3BNOMX —

L Tumor 0.9 - + 9 T3ANOMX -

M Tumor 1 - — 9 T3BNOMX +

N Tumor 1.1 - + 7 T2NOMX -
NOTE: “RNA” is expressed as quantity relative to matched normal epithelium from the same case. Grade and stage indicate values determined at radical
prostatectomy. Case letter indicates which patient the sample was from. All cases had matched normal-appearing epithelium, and the mRNA value for
the normal was set to 1.

Abbreviation: ND, not determined.

*RNA was elevated above normal with normal protein staining.

of 8 centromere or 8q24 in any of the PIN lesions. Three additional
TMAs containing matched cancer and normal prostate were
evaluated and these contained 19 high-grade PIN lesions and 8 low-
grade PIN lesions and none of these had gain of 8 centromere or
8q24. Of these, there were two cases with deletion of one allele on
8p in two of the high-grade lesions and none in the low-grade PIN.
Thus, overall, 3 of 25 (12%) high-grade and 0 of 10 (0%) low-grade
PIN lesions had loss of 8p.
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Figure 5. Box plot of distribution of NKX3.1 staining intensity values as a
function of chromosome 8p allelic status.

Discussion

Immunohistochemical analyses of atrophy showed a profound
decrease in both staining intensity and percentage area of staining
for NKX3.1. These observations fit well with the known functions of
NKX3.1 in growth control and with a multistep progression model
that leads from normal epithelium to PIA to PIN and then to carci-
noma (24, 31). The diminished expression of NKX3.1 observed in
PIA may reflect a response to oxidative stress. By contrast, because
lack of NKX3.1 results in increased oxidative DNA damage by
controlling expression of antioxidant enzymes (45), reduced NKX3.1
in PIA may contribute to increased oxidant damage in these lesions.

The decreased level of NKX3.1 in PIA may reflect the
intermediate cell phenotype that we have proposed for many
atrophic luminal cells in PIA (36). The levels in most cells that were
positive were greater than that seen in basal cells but less than that
seen in mature columnar luminal cells. The intermediate level of
androgen receptor in PIA (24) and the androgen responsiveness of
NKX3.1 fit well with this model.

The molecular basis of diminished NKX3.1 in PIA is not clear.
Allelic loss does not seem to play a role because many of the
atrophic lesions had reduced NKX3.1 protein but none had deletion
on chromosome 8p21.3 in the region of the LPL probe. It is still
possible, albeit unlikely, that there are small deletions of
chromosome 8p21.2 in the NKX3.I locus itself that would not be
detected by the LPL probe. Additional studies using more refined
FISH probes will be necessary to rule this out. Quantitative
analyses of NKX3.1 steady-state mRNA levels revealed concordance
in five of seven cases examined between NKX3.I mRNA and protein
levels in PIA, suggesting that control of NKX3.1 protein levels in
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prostate atrophy is related to mRNA levels in most cases. These
results agree with Ornstein et al. (5), who examined NKX3.1 mRNA
levels in frozen prostate tissues by in situ hybridization with a
radiolabeled probe and reported decreased signal in “atrophic”
regions, albeit the number of cases with atrophy was not indicated.
The data are consistent with regulation of NKX3.I mRNA in
atrophy at the level of transcription, mRNA processing, or mRNA
stability. In two cases, mRNA was normal and protein was
decreased. Thus, regulation of NKX3.1 protein levels likely occurs
at multiple steps, including at the level of translation and/or
protein stability. The serine-threonine kinase CK2 has recently
been shown to play a central role in the stability of NKX3.1 by
protecting it from proteasomal degradation (46).

It is not clear precisely why there are increased signals for
chromosome 8 centromere in PIA. One potential explanation is that
because the fraction of cells is still very low compared with cases
that show gain in a clonal fashion (i.e., >30% of cells have three or
more signals), it is possible that this finding simply reflects the
known increase in proliferative fraction in prostate atrophy
compared with normal epithelium. Cells that have traversed into
late S phase or G,-M would have double the number of chromo-
somes and thus would be expected to show an increase in centro-
meric FISH signals. In the single previous study that mentioned
prostate atrophy using FISH for chromosome 8p, two of seven
prostate atrophy lesions had allelic loss (41). The most likely expla-
nation for our lack of finding LOH on 8p in atrophy is that we used a
more stringent statistical cutoff to indicate loss of the 8p probe (41).

NKX3.1 staining intensity was significantly diminished (P =
0.0064) in PIN lesions compared with normal epithelium, in
agreement with a recent study (20). In this study, we report the
novel finding that reduced NKX3.1 protein expression in PIN does
not correlate with loss of chromosome 8p because most PIN (>75%)
lesions showed decreased protein expression but only 12% showed
loss of 8p. Thus, loss of NKX3.1 protein seems to precede genetic
loss in prostate neoplasia. These data help to clarify the temporal
ordering of molecular alterations in human prostate carcinogenesis
and indicate that additional mechanisms of down-regulation of
NKX3.1, other than gene deletion, are important in human PIN.

Our study revealed a statistically significant reduction in NKX3.1
immunostaining in prostate cancer compared with normal
epithelium, in agreement with several previous reports (18, 20).
The studies reported here showed a clear correlation between
reduced NKX3.1 protein expression and high Gleason grade, which
also agrees with recent study by Asatiani (20).

Unlike what we observed in most PIA lesions, a general lack of
concordance between the mRNA and protein accumulation in
carcinoma was found. In some tumors, both mRNA and protein were
diminished to a similar extent, in agreement with a recent report
(19). In others, however, reduced protein accumulation was observed
in lesions with a normal mRNA level. A third class of lesions showed
reduced NKX3.1 staining despite having a greater-than-normal level
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